Introduction
Corrosion causes significant economic losses as it leads to the failure of pipelines, parts of machines, boilers and other metal products. In addition, as a result of this process, equipment breaks down, damaged equipment can lead to an accident, or even a disaster that could affect people and environment. One of the major problems caused by corrosion is the loss of world metal reserves, which in turn leads to significant environmental damage inflicted by steel production.
A large number of industrial enterprises in Ukraine use water from natural sources. A significant amount of water is used by the enterprises of oil refining and machine building industry. Most of the water, about 80 %, in these industries is used for reversible cooling systems. The amount of wastewater discharged from these systems to water reservoirs remains significant and makes up about 8−30 % of the system's volume. This is mostly linked tp the sedimentation in water circulation systems and corrosion processes.
Based on the above, it is possible to say that the problem of protecting metal structures from corrosion processes is 
Literature review and problem statement
At present, there is a lack of quality water for the needs of inhabitants and industry needs in some regions of Ukraine [1] . Methods of ion-exchange desalination of industrial waters solve the problem of scale formation in cooling systems, but the problem of anti-corrosion protection is not considered.
At industrial enterprises, with the growth of production, volumes of water use are also increasing, and as a result, various difficultly soluble sedimentations appear on the surface of metal pipelines, which accelerate the rate of corrosional destruction of equipment. In paper [2] , the composition and nature of sedimentation on the surface of metal pipelines is studied but the authors do not consider mechanisms of the influence of phosphonic acids on the mechanism of corrosion.
Closed water supply systems at the production facilities allow reusing industrial waste waters, and this significantly saves the use of fresh water and considerably reduces the discharge of sewage into the environment. The introduction of closed water systems is currently considered to be the only rational solution for the efficient use of water in industry [3, 4] . In order to achieve this goal, various kinds of water losses, which may occur as a result of corrosion of equipment and pipelines, should be avoided.
Inhibitors of corrosion of metals in aqueous media are represented by very diverse substances. The choice of inhibitor type depends on each specific type of water use and the cost of the proposed measures.
Inorganic inhibitors include phosphates, chromates, bichromates, nitrates, polyphosphates, silicates. Phosphate compounds are very effective [5] as inhibitors of corrosion. However, their influence on the processes of scale formation is rather insignificant. Organic inhibitors include amines, organic acids and salts, mercaptans et al. Most of light inhibitors are mixtures of compositions of organic substances or synthesized organic substances [6] . Phosphonic acids are well-known and quite effective stabilizers for the formation of scale [7] , but their effect on anti-corrosion protection at elevated temperatures is negligible. The issues of selection of conditions and concentrations of their use as corrosion inhibitors remain unsolved.
Authors of [8] propose to use imidazoline containing substances, which show anti-corrosion and antioxidant properties, as corrosive inhibitors. However, the substances considered do not possess effective stabilizing properties.
Articles [9, 10] investigate the efficiency of aminophosphonic acids, which are almost not used in Ukrainian industry.
Some cations contribute to the reduction of the rate of corrosion, these are typically the cations of d-metals [11] . Due to d-orbitals, ions of metals are joined by oxygen, which creates an oxide film on the surface of steel, which acts as a barrier to oxygen diffusion. However, the authors do not consider the entire spectrum of d-metals, as well as protective action at elevated temperatures. Therefore, the study of the influence of heavy metal ions as corrosion inhibitors is an important task to reduce the degree of equipment corrosion in closed water supply systems.
In order to increase anti-scale and anti-corrosion effect, compositions based on organic compounds and ions of heavy metals, mainly zinc ions, have recently been used [12] .
In paper [13] , results of examining the inhibitory properties of EDTA and zinc ions compositions are presented, but authors applied an aggressive environment highly mineralized sea water, which is not used in water-reversible industrial cooling systems.
In articles [14, 15] , research into efficiency of phosphonic acids and zinc ions was carried out in a neutral aqueous environment, but these articles do not cover issues of changes in the efficiency of these compositions if temperature is increased and if conditions of hydrodynamic regime are changed.
Thus, the issues regarding the possibility of using heavy metal ions as corrosion inhibitors remain unresolved, as well as the issues related to behavior of composites in aqueous environment depending on a number of factors (elevated temperatures, correlation between components, composition of water, etc.).
Research goal and objectives
The goal of present work was to determine a capability of heavy metal ions, individually and in compositions, to inhibit the process of steel corrosion under different temperature conditions. To achieve this goal, the following tasks were set: -to determine the influence of heavy metal ions on the process of steel corrosion, depending on the dose of metals, aeration conditions and temperature;
-to determine steel corrosion in water using oxyethylidenodiphosphonic and nitrilotrimethylphosphonic acids depending on the dose of inhibitor and temperature regimes;
-to evaluate the influence of phosphonic acids on the processes of steel corrosion in the presence of heavy metal ions, depending on the concentrations of inhibitory additives, aeration conditions and temperature. 
1. Materials and equipment used in the experiment
We used tap water (Kyiv, Ukraine) as a corrosive environment. This water is characterized by a low concentration of chlorides and sulfates, other indicators do not exceed the norms [16] . To some extent, anions can affect the process of corrosion [17] , which is why this fact was taken into account when processing the results. Characteristics of tap water iare given in Table 1 .
The following salts of heavy and nonferrous metals were used for the preparation of working solutions: O. We examined the effect of the given ions on the process of corrosion at room temperature, as well as at 30−50 °C. In addition, the effect of these substances on the reduction of the rate of corrosion in compositions with known stabilizers of scale formation with oxyethylidendiphosphonic acid (OEDPhA) and nitrilotrimethylphosphonic acid (NTMPhA) was studied. Hardness, mg-eq/dm 3 3.09-5.20
Sulphate content, mg-eq/dm 3 
15-47
Chloride content, mg-eq/dm 3 
12-39
The evaluation of corrosion by the method of polarization resistance was carried out using the indicator of polarization resistance P5126 and the two-electrode sensor from the corrosion-indicator unit UK-2 [18] . The sensor made of steel 20 was installed in a glass of 150 cm 3 , and at a certain time intervals, the polarization resistance of Rp was measured using the P5126 indicator. During the experiment, by integrating the area under the curve, which was built in the coordinates Rp -t (time), and by division of the resulting total area by the total time, the average value of Rp cr was determined. The magnitude of polarization resistance is inversely proportional to the rate of steel corrosion.
The coefficient of reduction of corrosion rate ( j) was determined by the ratio of the average polarization resistance (Rp cp ) of the examined solution to the average polarization resistance (Rp cp ) of the starting solution:
The degree of corrosion protection (Z, %) was calculated based on the coefficient of reduction of corrosion rate, using formula:
The determination of the effectiveness of corrosion inhibitors was carried out under static conditions and when the solution was agitated with a magnetic mixer at 400 rpm. Duration of the experiments was 4 hours. The concentration of inhibitors was 1-10 mg/dm 3 . The measurement results were obtained by averaging the data from 4 parallel experiments.
Results of studies on the evaluation of effect of reagents on the processes of steel corrosion
Salts of heavy metals were used as corrosion inhibitors. Table 2 gives the dependence of polarization resistance of St 20 on the dose and type of inhibitors in stationary and mobile environment at 20 °C. Table 2 also presents results of calculations of the coefficients of reduction of corrosion rate ( j) and the degree of protection against corrosion (Z, %) by ions of heavy metals.
Polarization resistance and corrosion rate depend on many factors, namely, the composition of water, aeration conditions, ambient temperature. In the absence of agitation and inhibitors, polarization resistance makes up 0.307 kΩ, while at stirring it is 0.173 kΩ. This is explained by the fact that during agitation of the medium, oxygen diffusion accelerates to the surface of the metal, which increases the rate of corrosion. It is known that ions of d-metals are able to stabilize an oxide film on a metal surface, which hydrophobizes metal and significantly slows down the process of corrosion [8] . Ions of iron are easily oxidized to Fe 3+ and hydrolyzed under such conditions, and therefore have little effect on the stability of the oxygen film.
It should be noted that under static conditions, with insufficient aeration of the metal surface, due to the slow diffusion of oxygen, the hydrophobic oxygen film is not formed in almost all cases. Therefore, in most cases, no reduction in the rate of corrosion was observed.
A more pronounced tendency is the passivation of metal under dynamic conditions. When stirring water in the absence of ions of used metals, the hydrophobic oxygen film is unstable, which is why the rate of corrosion is significant. In the presence of metal ions with enough diffusion of oxygen to the surface of steel during agitation, a hydrophobic (passivative) oxygen film is formed, this helps to reduce the rate of corrosion, which is characterized by an increase in polarization resistance. More to the point, agitation also helps to improve the diffusion of metal ions to the surface of steel, which in turn leads to an increase in the stability of passivation film on the metal surface.
Among the investigated metals, the best results were obtained in case of using zinc ions (Zn SO when salts are dissolved in water, as well as by the acidification of water by hydrolysis of metal salts. In case when copper is used we can take into account the oxidizing capacity of Сu 2+ ions. However, all these impacts are possible only in the absence of a stable oxygen film on the surface of steel. If the concentration of metal ions is sufficient, under the conditions of effective diffusion of oxygen to the surface of metal, the formation of an oxygen hydrophobic film on the surface of steel occurs. And in almost all cases it provides a reduction in the rate of steel corrosion. At the same time, for Zn 2+ , Pb 2+ and Cr 3+ the degree of corrosion protection increases to 89−90 %, for other metals the degree of protection reaches 20−60 %. Interestingly, aluminum ions, which do not belong to d-metals and should not form complexes with oxygen, at a concentration of 5 mg/dm 3 provide a degree of protection of 58 %. Obviously, these ions, similar to the ions of hardness, also contribute to some extent to the formation of a passivation film on the surface of steel.
A significant amount of water in the industry is used in cooling systems. In these systems water is heated to a temperature of 30−50 °C, this has a large effect on the rate of electrochemical corrosion of metals and the degree of scale deposition. This is due to changes in the strain of electrochemical processes, the rate of diffusion and the solubility of oxygen in water, and other factors. In the vast majority of cases, the dependence of the rate of corrosion on temperature is exponential in character.
As can be seen from Fig. 1 , at a temperature of 10 °C, the value of the mean polarization resistance is actually the highest and reaches 0.36 kΩ, but with an increase in temperature this indicator falls and decreases to a value of 0.07 kΩ at 50 °C. In general, this is due to the destabilization of oxygen passivation film, and to the growth of the oxidation rate of steel when temperature increases.
Fig. 1. Dependence of the mean polarization resistance on water temperature
In addition to corrosion in cooling systems, there is also a problem of scale formation in heat exchangers. Therefore, the metals that demonstrated the best results for corrosion protection were tested in compositions with known inhibitors of scale formation − OEDPhA and NTMPhA.
Such hydrophilic organic compounds as OEDPhA and NTMPhA belong to the inhibitors of passivation. The formation of soluble complexes and three-dimensional reticulate layers, which to some extent stabilize passivation oxygen film, which helps to protect metals from corrosion [7] , occurs during the interaction of complexons with the surface of metals. Results of using OEDPhA and NTMPhA are shown in Fig. 2, 3 . When temperature of the medium increases, the calcining stabilizer OEDPhA forms complexes with iron ions [7] . The products of the cathode reaction are accumulated in the near-electrode layer, which leads to the slowdown of corrosion processes.
For the best results, OEDPhA and NTMPhA were used in the composition with heavy metal ions.
It was established that the introduction of the complex OEDPhA+Zn 2+ or NTMPhA+Zn 2+ reduces the corrosive water aggressiveness to a greater extent than the introduction of Zn 2+ ion itself. The protective effect of these compounds is explained by the formation of difficultly soluble iron and zinc complexes with OEDPhA or NTMPhA on the surface of metal, as well as by the precipitation of Zn(OH) 2 .
This tendency is observed for the rest of the examined ions. Results are given in Table 3 . Table 3 shows that all metals at a concentration of 5 mg/dm 3 have a high degree of protection. This allows using the composition of these substances in industry as an inhibitor of corrosion and a stabilizer of scale formation. Studies were also carried out on the influence of temperature on the process of corrosion in the case of using inhibitors. The best results were shown at temperatures of 20 °C by the ions of Zn 2+ , Pb 2+ , Cr 3+ , which is why it was decided to investigate the efficiency of these ions at elevated temperatures, namely 30 °C and 50 °C.
The studies have shown that the process of deceleration of corrosion by means of heavy metal ions at a temperature of 30 °C and 50 °C degrades considerably due to a decrease in the solubility of oxygen in water when the temperature rises, which prevents the formation of a stable passivation film on the surface of steel (Table 4, 5) .
The situation changes considerably during complex application of metal ions and phosphonic acids. First of all, phosphonates bind well to corroded metal and to metal ions in solution [19] [20] [21] . The resulting three-dimensional structures retain oxygen well, which contributes to the passivation of metal surface. Table 4 Effect of inhibitors on the reduction of rate of the St 20 steel corrosion in tap water at agitation (t=30 °С) In the study of corrosion processes at 50 °C it was found that the metal ions themselves protect steel from corrosion worse than at 30 °C and 20 °C. However, when adding OEDPhA and NTMPhA to them, the degree of protection against corrosion increases as a result of the formation of strong complex three-dimensional structures, which, even at insignificant concentrations of oxygen, reliably passivate the surface of steel.
Discussion of results of examining the effect of the dose and inhibitor type, physical conditions on the course of corrosion processes
As a result of the studies conducted, the capability of all ions of d-metals to slow down the processes of corrosion in neutral aqueous environment was explored. It is shown that metal ions at sufficient aeration of water are able to stabilize the passivation oxygen film on the surface of steel, which helps to protect it from corrosion. High efficiency in protecting steel from corrosion under conditions of effective aeration is provided by ions of d-metals − zinc, chromium and lead. However, at sufficient concentrations of ions of metals, at appropriate concentrations of oxygen, passivation of corrosive metal is possible even when using aluminum salts as an inhibitor.
Stability of the passivation film decreases with an increase in temperature, which is due to a decrease in the concentration of oxygen in water. In the case of using heavy metal ions only, a sharp decrease in the degree of protection against corrosion by increasing the temperature due to destabilization of the passivation film is observed.
Protective effect increases significantly with the use of metal ions in compositions with phosphonic acids, which are passivation-type corrosion inhibitors.
Phosphonic acids form complex compounds with ions on the surface of steel, which helps to concentrate these substances on the scaling surface. In addition, phosphonic acids are capable of forming complex compounds with d-metal ions, which, in turn, effectively bind with oxygen ions. This contributes to the formation of a solid passivation film on the surface of steel and effective protection against corrosion. As the temperature increases, only a slight decrease in the degree of protection against corrosion is observed.
The paper considers tdependence of corrosion inhibiting processes on the dose of reagents, temperature and aeration regimes. However, there is a fairly wide range of substances of different nature that can be used as passivation inhibitors. In addition, depending on the purpose of industrial water, enterprises use higher temperatures, and other saline water compositions. It is planned in the future to carry out research taking into account such parameters and characteristics of production requirements to the quality of industrial water.
Results of the research performed could be used as recommendations for measures to prevent the destruction of equipment as a result of corrosion. The obtained data will be of interest in the transition of industrial water supply from reversible system to the closed systems.
Conclusions
1. The influence of ions of d-metals on the processes of corrosion in a neutral aqueous environment has been determined. It is shown that zinc, chromium and lead ions in concentrations of 2-5 mg/dm 3 are the most effective due to the creation of a passivation oxygen film at room temperature and under conditions of high aeration. There is a significant decrease in the inhibitory properties of ions of d-metals under conditions of lowering the concentration of oxygen and accelerating the course of electrochemical reactions. For example, for zinc ions, the degree of protection decreases from 89−91 % at 20 ºС to 11−38 % at 50 ºС.
2. It was determined that oxyethylidenidiphosphonic and nitrilotrimethylphosphonic acids stabilize the passivation oxygen film, providing a degree of corrosion protection at 95−98 % at acid doses of 10 mg/dm 3 . However, with an increase in the temperature of aqueous medium from 20 °C to 50 °C, the protective effect is reduced from 93 % to 59 % and from 81 % to 75 % for OEDPhA and NTMPhA, respectively, at a dose of 5 mg/dm 3 .
3. In order to increase efficiency of protection against corrosion of closed water-circulation systems, it is proposed to use as inhibitors of corrosion of steel in water a composition of heavy metal ions together with phosphonic acids. Due to the formation of three-dimensional complexes of phosphonic acids with metal ions and corroded iron, one observes a better retention of oxygen and creation a stable oxygen film on the corroded surface. Due to the joint application of OEDPhA/NTMPhA and Zn/Pb/Cr ions, the degree of protection of steel St20 increases to 90−94 % when zinc ions are used with phosphonic acids at 50 °C.
Introduction
Ukraine has virtually inexhaustible deposits of various mineral oxides, which can replace foreign ones in a manufacture of building polymer-based composites. The use of Ukrainian materials as fillers for building purposes is conditioned by affordability, low cost, and a capability of obtaining materials with a variety of necessary operational and technological properties. Interest in this area is primarily due to the study of the physicochemical properties of surface phenomena in composite materials [1] [2] [3] [4] [5] [6] . The relevance of this trend arises in the process of creating new polymeric building composites which constitute heterogeneous systems with highly developed interphase boundaries. Properties of the dispersed phase surface determine the initial stage of adhesion interaction between the components: adsorption, wetting, spreading of the dispersion media over the filler surface, forming the interphase boundary, impregnation of filled and reinforced systems [3] [4] [5] . Of all existing theories of interphase interaction in polymeric composite materials, the acid-base one is the least studied. Its existence is confirmed by studies over recent years [2, 7] . When choosing components for a composite material, it is important to predict interactions on the interphase surface which are simultaneously determined by the acid-base properties of the polymer and the acidic strength of the adsorption centers on the filler surface [2] . Therefore, investigation of the acid-base equilibrium on the surface of oxide fillers of various chemical natures is relevant both from theoretical and practical points of view.
Literature review and problem statement
In connection with the natural origin of mineral oxide fillers, chemical and mineralogical composition and, consequently, surface properties, are extremely unstable. Besides, mineral particles have a redundant surface energy which includes acid-base (polar) energy of surface centers [8, 9] and easily adsorb molecules of water from air [10] [11] [12] . The effect of chemically and physically adsorbed water on the acid-base
